We developed a model for evaluating the effects of functional impairment of road networks due to seismic damage, based on the data from the 1995 Hyogo-ken Nambu Earthquake. The effects of functional impairment of road networks on various sectors were analyzed to clarify the relationship between functional impairment of road networks due to a seismic event and seismic damage to road networks. Functional impairment due to seismic structural damage to road networks was modeled as a functional impairment matrix. Combining the model of seismic damage effects with the functional impairment matrix, we assessed the cost of the functional impairment associated with the Hanshin Expressway Route 3.
INTRODUCTION
Infrastructure networks such as roads, railways, electric power supply, water supply, and telecommunications were severely damaged in the 1995 Hyogo-ken Nambu Earthquake, and the functional impairment of these systems subsequently had serious negative effects on societal and economic activities. The importance of the functioning of infrastructure after seismic disasters was again seen in damage assessments of the 2004 Niigata-Chuetsu Earthquake in Japan and the 2004 SumatraAndaman Earthquake and the resulting giant tsunami in the Indian Ocean. The evaluation of the functional impairment of infrastructure due to seismic events is critical to prepare countermeasures in consideration of seismic risks.
Road networks serve different functions for different sectors after a large seismic event. The public sector uses road networks to deliver emergency services such as rescue and firefighting, carry out field surveys of affected areas, and provide countermeasures against secondary disasters due to aftershocks; private individuals use road networks for travel to work, for leisure activities and for inquiring about and aiding family and friends; and managers and contractors are involved in reconstruction works of the road networks. In order to prepare effective antidisaster measures for road networks, these functions following seismic events must be understood.
Many fields of research, such as seismic engineering, reliability engineering, and urban planning, are involved in antidisaster planning. Kawakami 1) developed a probabilistic model to assess damage to road networks after seismic events, and based on the model, estimated the reduction in function of road networks in view of the anticipated amount of traffic. Yamada et al. 2) and Kawashima and Sugita 3) investigated the characteristics of the reconstruction process of affected road networks and proposed an assessment model. Sato et al. 4) proposed a method to assess the importance of road networks in view of maintaining functionality after seismic events. Chang et al. 5) , Chang and Nojima 6) , and TalebAgha 7) described case studies based on assessments of typical effects on road networks after severe earthquakes. Okada et al. 8) and Tsuchiya and Effect level G o v e r n m e n t s e c t o r L o c a l g o v e r n m e n t s e c t o r P o l i c e S e l f -d e f e n s e f o r c e P u b l i c s e c t o r P u b l i c o r g a n i z a t i o n s S e l f -d e f e n s e o r g a n i z a t i o n f o r d i s a s t e r P r i v a t e u s e r s B u s i n e s s u s e r s R o a d m a n a g e r s
Affected sectors Tatano  9) focused on economic impacts due to functional impairment of road networks during seismic events based on regional studies and analyzed antidisaster planning for infrastructure networks. Although these researchers provided many valuable insights into these issues, based on the results, sectors affected by the functional impairment of road networks cannot clearly estimate the effects yet. Moreover, the relationship of the functional impairment of the road networks and structural damage has not been sufficiently studied.
Fig. 1 Seismic damage effect model
In view of the above, we first developed a model to assess the functional impairment of road networks, based on a model analyzing the functional impairment of the Hanshin Expressway No. 3, which links Osaka and Kobe, Japan, after the 1995 Hyogo-ken Nambu Earthquake, and then we analyzed the relationship between the functional impairment of road networks and structural damage.
SEISMIC DAMAGE EFFECT MODEL (1) Conceptual framework
First, we reviewed the antidisaster plans of local governments 10) , taking into account the opinions of officials, and then clarified the anticipated effects of the functional impairment of road networks. We found that the degree of functional impairment depends on the activities of the affected sectors, as shown in Fig. 1. From Fig. 1 , it can be seen that various activities, such as rescue, firefighting, and transport of goods and materials for first aid, are affected by damage to road networks. These relationships may be summarized in the form of a seismic damage effect table, for example as shown in Table 1 . Table 1 shows some of the results of Fig. 1 in table format and shows the effects of functional impairment of road networks, such as on the assessment of damaged roads, reduction in transportation revenues, reconstruction activities, and effects on the activities of affected sectors.
The level of effect shown in Fig. 1 and Table 1 depends on the seismic damage level of the road networks. Therefore, it is defined as one of the states in a random time-series process from immediately after the seismic event to the reconstruction stage, and it is divided into nine damage levels based on the passability of the road networks after the seismic event 11) , as shown in Table 2 . In Table 2 , "passability with restriction" means that the road networks are restricted to use of only half the lanes at reduced speed limit. of damage levels from LV1-1 to LV2-2 as shown in Table 2 .
Secondly, the effects regarding the functional impairment of affected road networks are evaluated based on a general equilibrium model used in costbenefit analysis, as shown in Table 3 , in which the costs and benefits of socioeconomic projects can be evaluated quantitatively. The important point in using this model is that the states in the time-series processes from immediately after a seismic event to the temporary and permanent reconstruction stages should be defined based on whether there is an equilibrium economy state or not. Ueda et al. 12) defined an equilibrium economy state as one in which demand and supply are balanced to maximize utility to households and profits of the sectors involved, whereas in a disequilibrium economy state, demand and supply are unbalanced in each market because of variations in the level of supply due to reduced productivity of suppliers. For the above reasons, the effects regarding the functional impairment of the road networks in Table 1 and Table 3 are dependent upon whether or not the economy is in an equilibrium state, and priority should depend on the seismic damage level as shown in Table 2 . For instance, in the few days after a seismic event, the effects on emergency services such as rescue should be prioritized based on the disequilibrium model because there is an imbalance between supply and demand of rescue services. On the other hand, weeks, months, or years after the event, the effects converge on the equilibrium economy state because the reconstruction of damaged road networks has progressed and alternative routes have been formed. By referring to the classifications of seismic damage levels of road networks, as shown in Table 2 , functional impairment corresponding to each damage level is modeled on either the equilibrium economy state or the disequilibrium economy state, as shown in Fig. 2 . Figure 2 indicates that the modeling of the effects of the functional impairment of road networks is different for each damage level, and based on Fig. 2 , different seismic damage effect tables (such as Table 3 ) may be prepared. We used the conceptual framework and models described above as the seismic damage effect model, as described below. In this section, the effect of the functional impair- Table 4 The amounts x ik , y j,k of the effect of the functional impairment, the initial amounts R k of x ik and y j,k , the price p k of each effect of the functional impairment in its unit amount, and the period T k of each effect T ment of road networks is assumed to be modeled for an equilibrium economy state. From Fig. 2 , the effects in the cases of seismic damage levels from LV4-1 to LV5-1 are idealized by the general equilibrium modeling. As shown in Fig. 2 , the effect to be modeled on the equilibrium economy state and that on the disequilibrium economy state have differing damage levels from LV1-1 to LV3-2. A seismic damage effect model to conceptualize the effects corresponding to the damage level depending on both the equilibrium economy and on the disequilibrium economy was not addressed in this study and should be the subject of further research.
When developing the numerical model, the users, the public sector, and road managers are selected from ten sectors affected by the functional impairment of road networks, as shown in Table 3 and Fig.  2 . The reason for this is that these three sectors were found to be the most important and dominant ones in the functional impairment of road networks after seismic events by analyzing the seismic damage effect table (Table 1) . Table 4 shows the amounts x ik , y j,k of the effects of functional impairment, the initial amounts R k of x ik and y j,k , which mean the values in the absence of the seismic event, the price p k of each effect of the functional impairment in its unit amount, and the period T k of each effect.
Assessment of effects on users
To assess the effects on users, the negative effects of the functional impairment of road networks are modeled to minimize them and to maximize the utility for the user i. This can be formulated as follows: 
where v i is the utility of the user i (indirect utility function), u i is the utility function, and ij π is the profits to be allocated to the user i from the public sector and road managers. Equations (2) and (3) describe budget and time constraints. Eliminating x i12 from Eqs. (2) and (3) 
where q k is the general price which is given by:
The right side of the Eq. (4) is the general income
To implement the method of Lagrange multipliers, we define:
where 1 μ is the Lagrange multiplier. Computing the derivatives of Eq. (6) with respect to x ik and 1 μ , the following equations are derived:
From Eqs. (7) and (8), the amount x ik of the effect for the user i in view of the functional impairment of road networks is obtained.
Assessment of effects on the public sector and road managers
To assess the effects of functional impairment on the public sector and road managers, negative effects of the functional impairment were also modeled to minimize them and to maximize the profits for the public sector and the road managers. This can be formulated as follows: 
where j g(y j, 13 ) is the production function and Eqs. (10) and (11) describe production and time constraints. Eliminating y j,13 from Eqs. (10) To implement the method of Lagrange multipliers, we define:
where 2 μ is the Lagrange multiplier. Computing the derivatives of Eq. (13) with respect to y j,k and 2 μ , and deriving the following equations, the amounts y j,k of the effects on the public sector and road managers are obtained. 
Equilibrium conditions
The sums of the total amount ∑ ik x of each effect, summed with respect to the number of users, and the amount of each effect on the public sector and road managers are equated with the initial amounts R k of x ik and y j,k , as follows: Substituting x ik from Eqs. (7) and (8) and y j,k from Eqs. (14) and (15) . The variation is classified into two types: equivalent variation (EV) and compensatory variation (CV). Both variations are derived from the relationship between the general price q k and general income i Ω , as shown in Fig. 3 . EV is the variation in the general income resulting from the variation in the price from the initial state, while CV is that from the terminal state. As indicated as Fig. 3 , the expense function ( )
is defined as the minimal income to achieve the utility level v i at the general price q k , and hence the general income i Ω is a function of the expense function i e . Assuming the utility level v i varies from the level 
where
is the price function. In Eq. (17), we set
Computing the total differential of Eq. (9) with respect to price, the following equation is derived: 12 12 , 10 1 , dp y dp
Substituting Eq. (19) into Eq. (17), the summation of the equivalent variation regarding the number of users is derived as follows: (   12  12  ,   2   1   12  12  ,   10   1 , dp R dp y dp y
Comparing the terms in the seismic damage effect table shown in Table 3 
CASE STUDY OF ASSESSMENT OF FU-NCTIONAL IMPAIRMENT COSTS (1) Modification of seismic damage effect model
The seismic damage model for an equilibrium economy state, described in the previous section, is based on the general equilibrium model used in cost-benefit analysis, and by implementing the model, the amounts x ik , y j,k of the effects of the functional impairment of the road network on users, the public sector, and road managers, are derived from Eqs. (7), (8) , (14) , (15) , and (16) . In addition, the equilibrium price p k of each effect of the functional impairment in its unit amount and the equilibrium period T k of each effect are also derived. Based on the model, assuming the damage level of road networks after the seismic event and the variation from the state before the event to that after the event, the variations dq k , dT k of the price p k and the period T k of each effect caused by the assumed damage level of the road networks are substituted into Eqs. 
For the reasons described above, the price p k and the period T k of each effect are set according to the observed statistical data in the 1995 Hyogo-ken Nambu Earthquake, and by substituting these values into Eqs. (7), (8), (14) , and (15) Route No. 3 of the Hanshin Expressway, which connects the city of Osaka to the city of Kobe, was selected as the subject road network. Route No. 3 was severely damaged in the 1995 Hyogo-ken Nambu Earthquake, and the structural damage resulted in severe functional impairment. In the road networks, three areas, Area 1 to Area 3, in which these damage levels were different and the time for reconstruction was highly variable, were selected, as shown in Table 5 15) . Reconstruction in Area 1 took the longest, while the time for reconstruction in Area 2 was the shortest. Reconstruction in Area 3 took less time than for Area 1 but more time than for Area 2. b) Parameter setting Price p k and period T k of each effect before and after a seismic event Table 6 shows the price p k and the period T k of each effect before a seismic event, and those after the seismic event, which correspond to the damage levels of the target road networks in the three cases: Area 1 damage level in the case in which the seismic damage level of the target road networks is assumed to be similar to that in Area 1; Area 2 damage level in the case in which the seismic damage level of the target road networks is assumed to be similar to that in the Area 2; and intermediate damage level in the case in which the seismic damage level of the target road networks is assumed to be an intermediate level of damage between those of Area 1 and Area 2. The prices p k and the periods T k of the delay in rescue and in firefighting before the seismic event are set with reference to the number of firefighters engaged in rescue and in fighting fires in the year before the seismic event 16) . The prices p k and the periods T k of the decrease in private use and the business use of road networks before the seismic event are computed by using statistical data on private use and business use of the Hanshin Expressway Route No. 3, and the ratio of the population in the three target areas versus that of Hyogo Prefecture, and the gross product of Hyogo Prefecture 17) , 18) . The prices p k and the periods T k of the surveying and inspection of managed road networks, and of the decrease in revenue from transportation fees, before the seismic event, are set based on the statistical data of the maintenance fees and the transportation fees for Route No. 3 before the seismic event 18) . The prices p k and the periods T k , before the seismic event, among the effects such as delay in transport of relief supplies to the affected areas, delay in survey of the affected areas, delay in taking secondary countermeasures against aftershocks, and performing repairs of the road networks, which occur once the road networks are seismically damaged, become zero.
The prices p k and the periods T k of the delay in rescue and in firefighting after the seismic event are computed by using statistical data regarding the number of firefighters engaged in first aid and the number fighting fires after the seismic event 19 )~21) . The prices p k and the periods T k , after the seismic event, of the delay in surveying affected areas and the delay in taking secondary countermeasures against aftershocks, are set by using the data on the number of public officials engaging in work related to crisis management after the event 19 )~21)
. The prices p k and the periods T k of the decrease in the private use and the business use for road networks after the seismic event are assumed to be zero because of the repair and the reconstruction of the damaged road networks in the three areas. The prices p k and the periods T k , after the seismic event, surveying and inspection of affected road networks, the decrease in revenue generated by transportation fees, and the repair of the road networks were obtained by referring to the results of the survey conducted by Shoji and Fueki, 2003 15) . The selected areas subjected to seismic damage along Route No. 3 were Nishinomiya City 22) , Ashiya City 23) , and Kobe City 24) (except the Nishi and Kita Wards), and the total number of households affected by the functional impairment of the road networks was 600,000. Assuming that each household consists of four people and that one of them is working, the workforce is estimated to be 600,000. Based on the assumptions described above, the prices p k and the periods T k of labor, leisure time, and real labor, before and after the seismic event, are set based on statistical data from the Ministry of Internal Affairs and Communications of Japan 25) .
Setting of utility function and production function
Both the utility function of the users and the production functions of the public sector and road managers are modeled to be the same as the CobbDouglas function as follows 26) : The values of the parameters related to Eqs. (23) and (24) are determined inversely by the results of the functional impairment costs to road managers, regarding the surveying and inspection of affected road networks, decrease in revenue from transportation fees, and repair to the road networks, as shown in Table 7 . c) Assessment of functional impairment costs Table 8 shows the functional impairment costs to be evaluated in the three cases: in the case of Area 1 damage level, in the case of Area 2 damage level, and in the case of intermediate damage level. The reconstruction periods of Area 1 and Area 2 are 623 days and 399 days, respectively, and the average reconstruction period for Areas 1, 2, and 3 is 523 days, and hence the Area 1, Area 2, and intermed iate damage levels are the same as LV5-1 classified in Table 2 .
From Table 8 , the differences among the functional impairment costs to users, the public sector, and road managers, depending on the three damage ing and inspection of affected road networks, decrease in revenue from transportation fees, and repairs to the road networks, are larger than those related to other effects. The functional impairment costs related to the delay in rescue and in firefighting, the delay in surveying the affected areas, and the delay in taking secondary countermeasures against aftershocks are the same among the three damage levels from the damage level of Area 1 to the damage level of Area 2, because the variations of the prices p k and the periods T k of those effects become zero, as shown in Table 6 . The reason for this is that those effects become dominant in the crisis management that is required in the brief period immediately after the seismic event, and hence the variations in those effects become negligible when the period of the effects is longer, as in LV 5-1.
FUNCTIONAL IMPAIRMENT MATRIX (1) Framework of functional impairment matrix
Assuming that the structural type of target road networks is a viaduct, the relationship of the effect of the functional impairment of affected road networks with damage to structural components of typical viaducts is classified as shown in Fig. 4 . The table is called a functional impairment matrix in which the vertical axis shows the degrees of functional impairment of affected road networks and the horizontal axis shows the damage levels of those structural components. In a functional impairment matrix, the ten effects of the functional impairment as described in Section 2 are classified into three groups, which are related to the public sector, users, Table 9 Function of road networks after the event and road managers as shown in Table 9 . The degrees of functional impairment correspond to the classifications related to the seismic damage levels of the road networks from LV1-1 to LV5-1.
In the development of the functional impairment matrix, important considerations are how the structural systems of road networks are damaged by the damage of each component, and hence how the damage level of each component is related to the functional impairment of road networks. To resolve these issues, the mechanism of the structural damage of road networks from Area 1 to Area 3 was analyzed, and the relationship between the mechanism and the functional impairment, as shown in the functional impairment matrix, was clarified by conducting interviews with road managers and engineers and referring the previous studies 27)~31)
. From the functional impairment matrix, the relationship between the structural damage of road networks and functional impairment is clarified, and some of the effects of the functional impairment on the public sector, users, and road managers are diff erent, even if the structural damage of road networks is similar. Figure 5 shows the relationship between the seismic damage effect model and the functional impairment matrix. Figure 5 is an example which clearly shows this relationship. The functional impairment matrix in Fig. 5 is part of the functional impairment matrix shown in Fig. 4 , and it describes the relationship between the structural damage of decks and the functional impairment related to first aid and firefighting. In Fig. 5 , the state α B of the road networks after the seismic event is assumed to be the damage level D-2 and the functional impairment level LV1-1, while the state β B is assumed to be the damage level A and the functional impairment level LV5-1.
Next, assuming the functional impairment levels of the road networks are state α B of LV1-2 and state α B of LV5-1, the functional impairment costs in the case of state α B and in the case of state β B are derived as shown in Fig. 6 . For the reasons described in Section 2 and as shown in Fig. 2 , the effects of the functional impairment of road networks in the case of LV1-2 are quantified based on the economic disequilibrium model. In this study, we could not develop a seismic damage effect model which took into account the disequilibrium state of the effect of the functional impairment after the event. However, from the point of view of computing the functional impairment costs in the case of LV1-2, the seismic damage effect model is adopted to compute the functional impairment costs in the case of LV1-2. Assuming that the state α B of LV1-2 is an economic equilibrium state, the price p k and the period T k of each effect before the event, and those after the event in the case of LV1-2, are set as shown in Table 10 .
The effects, such as the delay in transport of relief supplies to the affected areas, the delay in surveyingthe affected areas, and the delay in taking secondary countermeasures against aftershocks are assumed to be zero both before and after the seismic Table 6 . The utility function for the user and the production functions of the public sector and the road managers, in the case of both LV1-2 and LV5-1, are modeled to be the same as the Cobb-Douglas function, as in Eqs. (23) and (24) . From Fig. 6 , the functional impairment costs in the case of LV1-2 are much lower compared to those in the case of LV5-1. Some functional impairment costs corresponding to the effects of the functional impairment may reach as much as 10 trillion yen. The reason for this is that the values of the functional impairment costs as shown in Fig. 6 include the effects of functional impairment resulting from indirect damage in addition to those from direct damage. However, the derived costs on the order of trillions of yen of the functional impairment costs may be an overestimate in view of the total amount of direct damage in the 1995 Hyogo-ken Nambu Earthquake, estimated at about 10 trillion yen 32) . The accuracy of the values of the functional impairment costs should therefore be further researched. Figure 7 shows the functional impairment matrix related to the derived functional impairment costs from Fig. 6. Figure 7 shows a notable example in which the decreases of the functional impairment costs are different between the functional impairment related to the public sector and that related to the user when the decks of the road networks are strengthened and retrofitted from damage level A to damage level D-2. In other words, the effects of the functional impairment on the public sector and on users, as modeled by the seismic damage effect model and the functional impairment matrix, are different, and therefore the D-2 damage of decks will affect the LV1-1 level of the functional impairment of road networks for the public sector, and the LV1-2 level of that for users. When the D-2 damage level, which is a minor level of damage to the decks, occurs, the use of the road networks by the public sector, without traffic restrictions, is given priority over that for private and business use, with traffic restrictions.
The combination of the seismic damage effect model and the functional impairment matrix can improve the abilities of the involved sectors to estimate the benefits of retrofitting the road networks with structural components in view of the anticipated effects of functional impairment of road networks. Since functional impairment costs may be substantially decreased by retrofitting structural components, decision-makers can better prioritize the retrofitting the road networks with structural components.
CONCLUSIONS
We developed a model to assess the functional impairment of road networks, and based on the model, analyzed the functional impairment costs of the damage to the Hanshin Expressway Route No. 3, connecting Osaka and Kobe, which was damaged in the 1995 Hyogo-ken Nambu Earthquake. We then analyzed the relationship of the functional impairment of the road networks with structural damage. To summarize: 1) A seismic damage effect model, which quantifies the effects of the functional impairment of road networks dependent on the involved sectors, was developed. 2) Based on this model, the functional impairment costs in cases in which the seismic damage levels of road networks were assumed to be similar to those in three selected areas along the Hanshin Expressways Route No. 3 in the 1995 Hyogo-ken Nambu Earthquake were analyzed and discussed. 3) A functional impairment matrix, which clarifies the relationship between the functional impairment of road networks and structural damage levels, was developed. 4) Combining the seismic damage effect model and the functional impairment matrix, the decrease in functional impairment costs by retrofitting road networks with structural components was analyzed, and the effectiveness of this analysis was shown.
